The design and implementation of dual-band duplexers is presented. The proposed method works well for duplexers with narrow bandwidths and it gives the designers the flexibility to achieve desired return loss levels at different frequency bands. To verify the design concept, dual-band duplexers based on cavity-type resonator topologies are designed, fabricated and tested. Good agreement is achieved between the theoretical synthesis results, the simulation results and the measurement results of the duplexer prototype.
Introduction: Microwave duplexers have been widely applied in communication systems to connect the receiving channel (RX) and transmitting channel (TX) of a transceiver to the common transmitting/receiving antenna. Several duplexer synthesis techniques have been proposed to realise attractive characteristics such as high-selectivity between RX/ TX channels [1] [2] [3] [4] [5] .
Meanwhile, the rapid development in telecommunication systems has imposed new requirements for the design of communication circuit systems. For example, due to the coexistence of different communication systems (e.g. 2G, 3G and 4G networks), several different frequency bands have to be supported by the corresponding circuit systems. Instead of employing several single-band circuits, a better solution to meet this requirement could be directly designing the circuits with dual-band/multi-band functions. Recently, there have been a good number of works related to the development of dual-band filters [6] . However, the actual design and implementation of the dual-band duplexer are not yet available in the literature. The main challenge is how to make the duplexer responses equally ripple with the specified return loss levels in all the passbands. For the first time, the practical design of a dual-band duplexer with arbitrary passbands and selectivities is presented and demonstrated experimentally. Two effective approaches have been proposed to adjust the return loss levels in the passbands of the dual-band duplexer. A prototype of a cavity-resonator based duplexer is then fabricated and characterised.
Dual-band duplexer synthesis: As an explicit example, the design of the dual-band duplexer with the following arbitrarily chosen specifications will be presented: † RX channel (passbands: 794 ∼ 807 MHz and 849.5 ∼ 857 MHz): number of poles: 6; number of transmission zeros (TZs): 2. † TX channel (passbands: 815 ∼ 822 MHz and 864 ∼ 873 MHz): number of poles: 6; number of TZs: 2.
The duplexer polynomials are synthesised in a normalised frequency domain with the suitable bandpass to low-pass frequency transformation In the normalised frequency domain, the characteristic polynomials of the duplexer are related to their scattering parameters as follows:
where N(s) and D(s) are the polynomials of the degree np RX + np TX + 1 for the cavity-resonator based topology with one resonating junction node (np RX and np TX are the orders of the RX and TX filters, respectively). The roots of P r (s) and P t (s) are the TZs in the RX and TX paths, respectively.
The low-pass prototypes of the RX and TX filters with dual-band responses are first characterised separately from the duplexer using the analytical synthesis technique [6] . The polynomials for the dual-band duplexer can then be evaluated iteratively by following the synthesis procedure in [5] . The major difficulty in evaluating the polynomials of a dual-band duplexer is to make the responses of the dual-band RX/TX filters equally ripple with the specified return loss levels in their passbands. The return losses are imposed to be the required levels only in the passbands of RX1 ( f 1RX ∼ f 2RX ) and TX2 ( f 3TX ∼ f 4TX ) by evaluating |p 0t | and |p 0r | at the normalised frequencies f = ±1. However, the return loss levels at the other two passbands (TX1: f 1TX ∼ f 2TX and RX2: f 1RX ∼ f 2RX ) are not well defined. Therefore, the effective techniques for manipulating the passband return loss levels at these two bands are highly desirable for practical design and implementations.
To resolve the aforementioned challenge, it is necessary to investigate the return losses and transmission responses of the dual-band duplexer simultaneously. Figs. 2a and b plot the synthesised duplexer performance with different transmission properties in the RX and TX channels, respectively. It is found that the return loss levels in the passbands TX1 and RX2 are related to the TZ positions in the stopbands. As shown in Fig. 2a , the return loss levels in the passbands RX1, TX1, RX2 and TX2 are −17, −23.4, −26.1 and −17 dB, respectively (dashed line) for the case with the RX and TX TZs assigned as follows: z1 RX = −0.325; z2 RX = 1; z1 TX = 0.18 and z2 TX = 0.405. As the TZ z1 RX shifts to the higher normalised frequency of −0.05, the return loss level in RX2 is lowered to −18 dB (solid line). It is also perceived that the return losses S 11 in the other passbands and the transmission responses S 31 in the TX channel (as shown in the dash-dotted line in Fig. 2b ) remain unaffected when z1 RX varies. Similar observations are also obtained in the TX channel. The return loss level in passband TX1 decreases from −23.4 dB (solid line) to −17 dB (dashed line) with the normalised TZ z1 TX shifting from z1 TX1 (0.18) to z1 TX2 (0.01), as shown in Fig. 2b . In addition, the return losses in the other passbands remain the same for different z1 TX . Consequently, the return loss levels in passbands TX1 and RX2 can be individually adjusted by varying the TZ positions in the stopbands of the TX and RX channels, respectively. Moreover, the TZs z2 RX and z2 TX will also impact the return loss levels in the passbands of RX2 and TX1 respectively (results not shown). Therefore, the TZ positions in the RX and TX channels are not unique in order to obtain the specified return loss responses (note: this is desired for a practical implementation). The return loss levels in the passbands TX1 and RX2 can also be adjusted by adding a pair of complex conjugate TZs with the real parts lying in the four passbands. As two examples, Fig. 3 compares the return losses and TX transmission properties of the duplexer for the cases with and without the complex conjugate TZs (CTZs) in the TX path. The added complex TZ pairs are −0.31 ± 1.2 * i (real part in the passband TX1) and 0.81 ± 1 * i (real part in the passband TX2) in Figs. 3a and b, respectively. As shown in Fig. 3a , the return loss level in the passband TX1 becomes lower with the added pairs of the complex TZs (dashed line). Moreover, the return loss levels can be effectively tuned by varying the imaginary parts of the complex TZ pairs, showing smaller return loss levels with smaller imaginary parts (real part in the TX1 band). To obtain a higher return loss level in the TX1 band, the additional pair of the complex TZs should be placed with the real part in the TX2 band, as plotted in the dashed line in Fig. 3b . Meanwhile, the added complex TZ pairs with smaller imaginary parts (real part in the TX2 band) result in higher return loss levels in the TX1 band. It is also worth pointing out that the added pairs of the complex TZs have a relatively small impact on the transmission responses of the duplexer. Overall, by adjusting real TZ positions or/and adding complex TZ pairs, the proposed dual-band duplexers feature a flexible return loss level and passband roll-off steepness, as well as arbitrary passband bandwidths.
Experimental verification: To verify the effectiveness of the proposed dual-band duplexer design technique, a cavity-resonator based prototype duplexer with the specifications listed in the preceding Section is designed, implemented and characterised. The return loss levels of the duplexer are −17, −21, −21 and −17 dB in the passbands RX1, TX1, RX2 and TX2, respectively. The topology of the dual-band duplexer is shown in Fig. 4a . The dark circles represent the cavity resonators and the grey circles are the junction resonators connecting the RX and TX channels. Both the RX and TX filters are six orders with two TZs. The synthesised performance of the duplexer is shown in Fig. 4b , demonstrating dual-band performance with the specified return loss levels in the four passbands. The extracted RX and TX filters have the N + 2 (including the source and the load) coupling matrices M RX and M TX , respectively. The coupling matrices M RX and M TX are then de-normalised for obtaining the parameters of the RX/TX filters and the resonating junction, including the coupling coefficients, the resonating frequencies and the external quality factors [5] . The performance of the cavity-resonator based duplexer (resonator dimension: 40 mm × 40 mm × 40 mm) is simulated by using the EM simulator HFSS. Besides, the designed duplexer is fabricated and characterised. The simulated and the measured responses of the duplexer are compared with the synthesis results in Figs. 4c-e. The good agreement between the synthesis, the simulation and the measurement results confirms the feasibility of the design technique for dual-band duplexer applications 
